CO 2 capture by PEI-silica adsorbent investigated using a kg-sorbent-scale BFB. CO 2 capture conducted with simulated coal-fired and NGCC flue gases. Equilibrium capacities stabilized at ca. 11 wt% for 60 cycles under humid condition. Heat of adsorption determined by energy balance in the fluidized bed and DSC/TGA. Regeneration heat for the PEI-silica adsorbent noticeably lower than MEA process. a r t i c l e i n f o 
Introduction
According to International Energy Agency [1] , 'the world is not on track to meet the target agreed by governments to limit the longterm rise in the average global temperature to 2 degrees Celsius (°C). Global greenhouse-gas emissions are increasing rapidly and, in May 2013, carbon-dioxide (CO 2 ) levels in the atmosphere exceeded 400 parts per million for the first time in several hundred millennia'. Fossil fuels currently supply over 80% of the world's primary energy needs and are expected to continue to supply most of the world's energy in the coming decades [2] . Combustion of fossil fuels is the major source of anthropogenic carbon dioxide that is causing the continual increase in CO 2 concentration in the atmosphere. Carbon Capture and Storage (CCS) is a process to capture carbon dioxide (CO 2 ) that would otherwise be emitted to the atmosphere by large point sources such as fossil fuel power stations, to transport the captured CO 2 to the storage site and permanently store the CO 2 deep underground. CCS has been considered as one potential short-medium solution that allows the continual use of fossil fuels without causing rapid increase in CO 2 concentration in the atmosphere.
Aqueous amine scrubbing is the most mature post-combustion CO 2 capture technology that has been commercially utilized. However, this technology suffers from the problems associated with its high regeneration cost, equipment corrosion and amine oxidative degradation and evaporation. Currently, a great deal of efforts have been made on the development of solid sorbents for post-combustion capture (PCC) due to their advantages in lower regeneration heat requirement, less amine evaporation and less vessel corrosion. These sorbents include the physi-sorbents such as zeolites [3] [4] [5] and activated carbons [6, 7] and more recently chemi-sorbents such as regenerable alkaline-based adsorbents, amine-functionalized mesoporous silicas [8] [9] [10] [11] and metal organic frameworks (MOFs) [12, 13] . A number of amine-based solid sorbents have demonstrated their high adsorption efficiency and regenerability for the removal of CO 2 from flue gas mixtures [14] [15] [16] [17] [18] . The calcium looping technology using carbonation-calcination route, which is regarded as an alternative method to capture CO 2 from flue gas, has also attracted a lot of interests due to the advantages in its ability of high-grade heat recovery from the carbonation reaction and the wide availability and low cost of the adsorbent [19] [20] [21] [22] . With regard to post-combustion CO 2 capture (PCC), amine based sorbents have been demonstrated more promising than physi-sorbents such as activated carbon and fly ash in terms of fast reaction kinetics, high adsorption capacity and favourable operating temperature window.
The main research methodology on characterizing amine-based solid sorbents is mostly limited to a very small amount of sorbents tested under well controlled experimental conditions using a small laboratory-scale fixed bed device such as thermogravimetric analysis (TGA), mass spectrometer (MS) or temperature programmed desorption (TPD) [14] [15] [16] 18] . These investigations have focused on the equilibrium CO 2 adsorption capacities as an evaluation criterion for the performance of a specific adsorbent. However, from practical perspective, working capacities such as breakthrough capacities are more process-relevant and thus are more suitable to be used as performance indicators for a practical capture process. In addition, applying the adsorbents to practical and commercial applications also requires comprehensive knowledge on the durability and stability of the adsorbents. Fluidized bed reactors are regarded as one of the most suitable types of reactors for both the adsorber and desorber of a solid adsorbent based postcombustion capture system due to their inherent advantages in rapid particle mixing, compactness and uniform temperature distributions [23] . However, only few researchers have evaluated amine-based solid sorbents in fluidized bed reactors [24, 25] . This paper reports the results of evaluation of a polyethyleneimine (PEI)-based adsorbent impregnated on a mesoporous silica support for CO 2 capture in a laboratory-scale fluidized bed reactor with simulated flue gases. The fluidized bed reactor was operated under different working conditions where the effects of presence of moisture, gas-solid contact time, initial bed temperature, and CO 2 partial pressure on the adsorption equilibrium and breakthrough capacities were investigated. Theoretical analysis on the regeneration energy penalty for the as-prepared PEI-silica adsorbent is also performed and compared to that of a typical MEA scrubbing technology. The obtained results are essential for optimization of a practical process design for post-combustion carbon capture of flue gases using the solid adsorbent. Fig. 1 illustrates a bubbling fluidized bed (BFB) reactor designed and manufactured for the purpose of CO 2 capture from simulated flue gas mixtures using low-medium temperature solid adsorbents and also for the regeneration of the adsorbents. The BFB reactor has a total height of around 1700 mm, consisting of a fluidized bed section of 1200 mm in height and 67 mm in diameter and a freeboard section of 500 mm in height and 108 mm in diameter. It is surrounded by four individually controlled electric heating elements for heating the reactor up to the required adsorption and desorption temperatures. A sintered porous stainless steel plate is installed and served as the gas distributor. A series of thermocouples and pressure sensors are installed on the reactor wall at different heights in order to monitor the fluidization and reaction behaviours. At the exit of the BFB, a cyclone is used to capture fine particles entrained by the flue/stripping gas before it is released to the atmosphere. At the bottom of the BFB, three gas streams i.e. air, carbon dioxide and nitrogen with individual valves and mass flow controllers are regulated to serve as the simulated flue gas for adsorption or stripping gas for regeneration for different research purposes. An electrically heated moisture saturator with separate temperature controls is used to generate the moisture for the simulated flue gas or the stripping gas. The solid adsorbent to be evaluated is loaded into the BFB as the bed material and is fluidized by the gas mixture. CO 2 concentrations (on a dry basis) at the inlet and outlet of BFB are sampled and monitored continuously by a multiple gas analyzer.
Experimental

Bubbling fluidized bed (BFB) reactor
The adsorbent used in this study was synthesised by impregnating a mass ratio of 40% PEI (polyethyleneimine) into an inorganic mesoporous silica support which has a BET surface area of approximately 250 m 2 /g, pore volumes of 1.7 cc/g and a mean pore diameter of approximately 20 nm [9] . The PEI has a molecular mass (MM) of 1800 in hyperbranched forms supplied by Sigma-Aldrich, UK. It was incorporated into the silica support by a wet impregnation method. Characterization of the adsorbent by TGA, NMR, DRIFT and XPS can be found in previous publications [9, 26] .
Experimental conditions
Cyclic performance of PEI-silica adsorbent is evaluated by measuring its capacity in CO 2 adsorption over a number of cycles of adsorption and desorption. The adsorption and desorption of the adsorbent are realized by a typical process of Temperature Swing Adsorption (TSA). The PEI-silica adsorbent bed is first preheated to the required adsorption temperature when pure N 2 is fed into the bed as protective and fluidization gas. The simulated flue gas mixture is then switched on to start the adsorption process. After the adsorption process is finished, the bed is then heated to the desorption temperature and the previously adsorbed CO 2 is desorbed during this stage to regenerate the adsorbent. Pure N 2 with or without the addition of moisture is used as the stripping gas in the desorption process. It should be noted that, to get high purity CO 2 product in practical scale application, pure CO 2 should be used as the stripping gas during the regeneration, however, this may cause serious thermal degradation and lower working capacity [9, 25] . Using some portion of steam in the stripping gas can prevent the PEI-silica adsorbent from thermal degradation at the high desorption temperature, as has been demonstrated by previous investigations [11, 27, 28] . 100% steam was also suggested as the stripping gas by some researchers [9, 16, 28] to alleviate the problem but at the cost of more thermal energy penalty and additional water management. As there is no comprehensive research that has been reported up to date on the optimization of regeneration strategies including the composition of the stripping gas, this will be the focus of our research activities on PEI-silica adsorbent in the near future.
The working conditions for both adsorption and desorption tests are detailed in Table 1 .
The working conditions were designed for various research purposes. Cycles of adsorption and desorption under dry or humid conditions were carried out to clarify the effect of moisture on stability of adsorption capacities. Two quantities of loaded adsorbent, Batch I and Batch II, were tested so that the impact of gas-solid contact time on the breakthrough capacities could be revealed. Effects of different adsorption temperatures and different CO 2 partial pressures on the adsorption capacities were also investigated.
Results and discussion
Fluidization of PEI-silica adsorbent
Fluidization tests of PEI-silica adsorbent were first carried out with air to investigate its fluidization behaviour. The results have shown that the fluidization behaviour falls into the category of Geldart B group particles based on the observation that smooth bubbles appeared once the minimum fluidization condition was achieved. Fig. 2 shows the variation of the bed pressure drop with the fluidizing air flow rate. The pressure drop increased linearly with the air flow rate when the bed was static and then levelled off irrespective of further increase in the air flow rate after the bed had already been fluidized. The transition point between static bed and fluidized bed corresponds to the minimum fluidization condition where the air flow rate was found to be around 2 l/min. As shown in Table 1 , during the adsorption and desorption tests of this study, a gas flow rate of 8 l/min (at 20°C, 1.013 Â 10 5 Pa) was adopted which is about 4 times of the air flow rate (at 20°C, 1.013 Â 10 5 Pa) under the minimum fluidization condition, to ensure a fairly intensive bubbling fluidization for efficient mass and heat transfer. The mechanical strength and attrition resistance of a specific adsorbent are two key factors that need to be considered for practical applications, especially in a fluidized bed reactor where collisions between solids-solids and solids-walls happen all the time. Weak and fragile adsorbent particles are easy to break into fines. An increased entrainment of fines out of the bed will increase the top-up rate of adsorbent and thus result in higher operational cost.
Fractional and cumulative particle size distributions of the original PEI-silica adsorbent and those subjected to 34 dry cycles of tests have been determined by the standard sieve analysis and were displayed in Fig. 3 . For the as-prepared original PEI-silica adsorbent, the average particle size was about 250 lm with the fraction of 63-150 lm being the largest portion. The fine particle fraction with the diameter less than 63 lm was about 10.3 wt%. After 34 cycles of tests, however, the weight fraction of this group of fine particles was reduced to 3.3 wt%. This implies that entrainment of fine particles originally present in the as-received adsorbent occurred. The observation of the particles caught by the cyclone also indicated that the greatest loss of the fines happened only in the first several cycles. The relatively constant bed mass after the initial cycles measured during the subsequent cycles confirmed that there was an insignificant quantity of fine particles newly generated due to attrition and collision, indicating a good mechanical character of the PEI-silica adsorbent. It can also be found in Fig. 3 that after 34 cycles, the largest fraction of particles had moved from 63-150 lm group to 212-300 lm group, resulting in an increase in the average particle size. This is likely due to the agglomeration of particles prompted by the sticky amine-related products formed on the surface of PEI-silica particles as a result of thermal degradation and evaporation under the relatively high desorption temperature used (130°C). ) and (f) with 8000Â magnification clearly detail the surface morphology which illustrates growing aggregates on the surface of PEI-silica particle after 20 dry cycles of tests.
Cyclic adsorption and desorption tests
Fig . 5 plots the profiles of CO 2 concentration and bed temperature with time during adsorption and desorption stages for a typical cycle when Batch II PEI-silica adsorbent was used for CO 2 capture tests. At the initial stage of adsorption, all CO 2 contained in the simulated flue gas was adsorbed by the PEI-silica adsorbent therefore no CO 2 has been detected at the exit of the bed, indicating 100% capture efficiency. This stage lasted for about 65 min until 10% of the input CO 2 in the simulated flue gas can be detected, at which point the breakthrough condition is defined in this study, corresponding to a capture rate of 90%, as adopted by most Fig . 3 . Comparison of (a) fractional and (b) cumulative particle size distribution of the original PEI-silica adsorbent and that after 34 cycles of tests (Batch I, no added moisture in the simulated flue gas or the stripping gas). researchers [29] [30] [31] [32] . More CO 2 gradually escaped from the PEI-silica adsorbent bed until the detected CO 2 concentration levelled off at the input value of 15% after another 140 min. This implies that the CO 2 adsorption has slowly achieved an equilibrium condition under which PEI-silica adsorbent is saturated and cannot take any more CO 2 . A desorption test was carried out immediately after the adsorbent achieved its equilibrium condition by heating the bed up to 130°C while switching the simulated flue gas to the stripping gas of N 2 with or without the addition of moisture. The adsorbed CO 2 was quickly released during the first hour or so and the CO 2 concentration gradually dropped to zero after around 3 h. By integrating the CO 2 concentration with the gas flow rate and time, the total mass of CO 2 adsorbed during adsorption and desorbed during desorption for the given amount of adsorbent can be obtained. The capacities can then be determined as they are defined as the mass ratio of the CO 2 mass to the adsorbent mass with respect to adsorption, desorption or breakthrough point respectively. Fig. 5 also illustrates the variation of bed temperature during adsorption and desorption which will be further discussed in Section 3.7.
During an adsorption process, CO 2 molecules are physically or chemically bonded onto the surface of PEI-silica adsorbent, thus increasing the apparent mass of the bed. During a desorption process, on the contrary, the particle bed loses its mass as CO 2 is released from the surface of PEI-silica adsorbent. The change of bed mass can be verified by the variation of the pressure drop values measured by the pressure sensors. Fig. 6 illustrates how the pressure drops vary with time for Batch I PEI-silica adsorbent. Despite the fluctuation of the values in a wide range due to the nature of vibrant fluidization, the averaged pressure drops indicate a similar variation tendency as that of the total bed mass.
24 cycles of adsorption and desorption tests for Batch I PEI-silica adsorbent were carried out at an initial bed temperature of 70°C under dry condition. The results are summarized in Fig. 7 . There were no data points plotted for several cycle IDs as these cycles were conducted for other purposes such as air capture [33] . The adsorption and desorption equilibrium capacities decreased from the initial value of 9.5 wt% down to 7.0 wt% after 24 cycles. The relative loss of capacities is about 26% over 24 cycles, compared to 14% loss for TRI adsorbent over 40 cycles and 41% loss for PEI adsorbent over 22 cycles as measured by Sayari and Belmabkhout [27] under dry condition. The breakthrough capacities also showed a decreasing tendency from 5.4 wt% to 3.9 wt%. Deactivation of the adsorbent over a number of cycles is believed to be attributed to the thermal and/or oxidative degradation by the accumulated formation of urea groups [9] , especially at the high desorption temperature. This feature of quick degradation is obviously unfavourable for a practical capture process as the frequency of adsorbent replacement and the operation cost can be unacceptably high.
Effect of moisture on capacities
Moisture is always present in the real flue gas stream of a power plant. Its effect on the CO 2 adsorption capacity of solid adsorbents may be minimal, detrimental or beneficial. Unlike most physisorbents such as zeolites and activated carbons [8] , amine-containing sorbents, such as PEI-loaded adsorbent, are normally tolerant to the existence of moisture in the feed gas [27] . The reaction pathways between CO 2 and primary amine groups under dry and humid conditions can be described by the following schemes [34] : CO 2 /moisture and the adsorption selectivity of CO 2 over moisture [34] .
To investigate the effects of moisture on the performance of PEI-silica adsorbent, a moisture saturator is installed at the entrance of BFB to generate a stream of moisture that is introduced into the main simulated flue gas stream. The moisture saturator is operated at 40°C and the volumetric concentration of the saturated moisture in the gas mixture is around 8.8% (wet basis). A stream of air is also introduced to the gas mixture, replacing part of the pure N 2 , generating oxygen concentration at 4% (dry basis) while keeping the total dry gas flow rate at 8 l/min (at 20°C, 1.013 Â 10 5 Pa). The final composition of the simulated flue gas mixture (CO 2 : 15% (dry basis), O 2 : 4% (dry basis), balanced by N 2 with the addition of 8.8% (wet basis) moisture) represents a realistic flue gas stream from coal-fired power plants. The same amount of moisture is also present in the stripping N 2 gas flow at the desorption stage. Fig. 8 shows the results of capacities of subsequent cycles with addition of moisture and oxygen from cycle 39 to cycle 60 (the missing cycles between cycle 25 to cycle 38 were conducted for other research purposes under dry conditions and the results haven't been included in this paper). It clearly indicates that the decreasing tendency of capacities shown in Fig. 7 has been completely avoided. The capacities were not impaired by the presence of moisture, and in the first several cycles with the presence of moisture in adsorption/desorption there was even a slight increase in capacity, probably due to the regeneration of the already degraded PEI-silica adsorbent by the aid of moisture during desorption. This finding agrees well with that obtained by Sayari and Belmabkhout [27] where the adsorption capacities stabilized over 40 cycles for three types of amine-containing adsorbents in the presence of moisture. The positive effect of moisture on the performance of PEI-silica adsorbent is utmost important as it indicates the long-term stability and low frequency of adsorbent replacement, thus making this adsorbent more competitive for commercial scale utilization.
This stabilization tendency in the capacities was also verified by using fresh Batch II PEI-silica adsorbent over 60 cycles at an initial bed temperature of 50°C with moisture present in both adsorption and desorption stages, as illustrated in Fig. 9 . Tests with absent cycle IDs (including 58-60) in Fig. 9 were conducted under different working conditions for other purposes using the same batch of adsorbent. The adsorption/desorption equilibrium capacities were stabilized at a high level of 10.6-11.1 wt% and breakthrough capacities were stabilized at around 7.6-8.2 wt%. The presence of moisture can no doubt help to alleviate the fast thermal degradation indicated in Fig. 7 but may not be able to fully compensate the thermal degradation tendency. This may be the reason why there was still a slight decrease (relatively around 5%) in capacities despite the presence of moisture in the first 23 cycles. Further degradation of the adsorbent (from cycle 27 to 57) became less significant when the moisture was always present in the stripping gas during desorption.
Effect of gas-solid contact time
The equilibrium adsorption capacity for a specific adsorbent represents the maximum adsorption capability at given working conditions. Both TGA and fluidized bed tests can reveal the similar features of reaction kinetics of CO 2 adsorption, i.e. a fast adsorption phase initially and a subsequent slow adsorption phase. The equilibrium capacity is often defined when the slow adsorption phase has completed over a relatively long period. For a typical adsorption test with Batch II adsorbent in the fluidized bed reactor, for example, it took about 1 h to reach 75% of the equilibrium capacity but more than 3 h to achieve the equilibrium capacity. During a practical capture process, the equilibrium capacity is not appropriate to be taken as the working capacity as the long adsorption time required will significantly increase the solid residence time and the inventory bed mass. The capacity at the condition when 10% of the CO 2 in the feed gas has escaped from the bed material, which corresponds to a capture rate of 90%, has been defined as the ''breakthrough capacity'' and regarded as the performance indicator for a practical capture process where the CO 2 concentration in the effluent gas has to be reduced to a certain level. However, TGA tests cannot determine a breakthrough capacity as the CO 2 uptake is calculated based on the mass gain of the sample but not from the CO 2 concentration in the effluent gas. The breakthrough capacity determined by our fluidized bed tests is very useful as it can be considered as the ''working capacity'' for a practical capture process.
The breakthrough capacities are affected by the reaction kinetics of CO 2 adsorption and the gas-solid contact time. The kinetics gives an indication of the reaction rate of CO 2 with the amine groups on or in the adsorbent surface and is affected by the characteristics of the as-prepared adsorbent such as amine type, amine loading, surface area and pore diameter of the support. For a given adsorbent, an effective measure to increase the breakthrough capacities is by extending the gas-solid contact time to ensure that the adsorption reaction can have sufficient time to take place. For this purpose, Batch II adsorbent, with a nearly doubled mass compared to Batch I adsorbent, is loaded into the BFB to perform more adsorption/desorption cycles. As shown in Table 2 , the gassolid contact time has been increased from 7 s to 13 s as the bed height was increased from 0.47 m to 0.90 m. In principle, the gas-solid contact time does not affect the equilibrium capacities. The small difference in equilibrium capacities between the fresh Batch I and II adsorbents in Table 2 was mainly due to the fact that the first several Batch I tests were conducted at an initial bed temperature of 70°C while Batch II tests were conducted at 50°C (effect of bed temperature will be discussed in the next section). It can be seen from Table 2 that the ratio of breakthrough capacity to equilibrium capacity, denoted by a, has increased noticeably from 0.56 to 0.74 when the gas-solid contact time is increased to 13 s. The value of 0.74 implies that up to the breakthrough point the adsorbent has adsorbed 74% of the maximum amount of CO 2 that it can adsorb at the equilibrium condition.
It should be emphasized here that although an increase in gassolid contact time can effectively increase the working capacity, it will also increase the inventory bed mass in the reactor and the reactor dimension required, thus leading to higher capital and operational costs.
Effect of adsorption temperature
Theoretically, an adsorption process of gas molecules onto the surface of a solid can be described by the Langmuir isothermal adsorption Eqs. (3) and (4) [35] :
where h is a dimensionless factor indicating the fraction of the solid surface that is covered by gas molecules; q is the adsorption capacity of the solid (mol/g) while q max represents the maximum adsorption capacity under the saturation condition where all surface of the solid is fully covered by one layer of gas molecules. p CO 2 is the partial pressure of CO 2 in the gas stream (Pa). Adsorption coefficient b (Pa À1 ) is a function of heat of adsorption DH r (kJ/kgCO 2 , negative value for exothermal reaction) and adsorption temperature T ad (K). b 0 is a constant in Eq. (4) (Pa
À1
) and R is the gas constant (8.314 J/mol K). According to the Eqs. (3) and (4), the CO 2 adsorption capacity should decrease as the adsorption temperature increases, due to the exothermal nature of the adsorption process. Eq. (3) also implies the impact of the CO 2 partial pressure on the adsorption capacity. At low pressure p CO 2 , the value of bðTÞp CO 2 is much less than 1 so that Eq. (3) can be simplified as a linear correlation:
Whereas at high pressure p CO 2 , the value of bðTÞp CO 2 is much larger than 1 so that the value of h can be estimated to be 1, indicating that the adsorption capacity q under high pressure equals to the maximum capacity q max . TGA experiments have been conducted to determine the CO 2 uptake at different adsorption temperatures with 15% CO 2 in N 2 . The results shown in Fig. 10 indicate that CO 2 uptake is sensitive to the adsorption temperature, increasing as the temperature increases from 50 to 70°C, reaching its peak value at around 70°C, then decreasing as the temperature increases further to 80°C. This observed trend does not agree with the thermodynamic behaviour implied by Langmuir Eqs. (3) and (4) . Similarly, Yue et al. [36] found that the maximum adsorption capacity appeared at 100°C for their 50 wt% TEPA-impregnated SBA-15 adsorbent. Xu et al. [37] found the maximum capacity at 75°C for the molecular basket adsorbent and Son et al. [15] also observed a maximum capacity at 75°C for their 50 wt% PEI-impregnated KIT-6 adsorbent. As suggested by Yue et al. [36] , the appearance of the ''optimal'' adsorption temperature may be resulted from the compromise between diffusion-controlled effects at lower temperature and thermodynamics-controlled effects at higher temperature.
The temperature dependence on the capacities for the PEI-silica adsorbent was further investigated in the fluidized bed tests. Fig. 11 compares the adsorption capacities when the Initial Bed Temperature (IBT) was set to 50°C and 70°C for Batch I PEI-silica adsorbent. Due to the exothermal heat released during adsorption process, the fluidized bed temperature increased from the IBT of 50°C and 70°C up to about 65°C and 80°C respectively. Because the reactor is properly insulated and there is no cooling heat exchanger installed inside the reactor, the bed temperature would remain at the higher temperature for several hours once it was increased from the IBT. Therefore, the bed temperature with the IBT of 50°C is closer to the optimal adsorption temperature as indicated by TGA results. The noticeable difference in capacities with two IBTs can be clearly identified from Fig. 11 . For this reason, most of the adsorption tests with the BFB reactor were conducted at an IBT of 50°C. The details of the bed temperature increase and heat of adsorption will be further discussed in Section 3.7. Fig. 10 . TGA results of CO 2 uptake at different adsorption temperatures.
Effect of CO 2 concentration in feed gas
One of the most advantageous features of chemi-sorbents over physi-sorbents is that chemi-sorbents do not suffer from a significant reduction in CO 2 adsorption capacities at relatively low CO 2 partial pressures. A number of tests with the BFB reactor were conducted with different CO 2 concentrations in the simulated flue gas to investigate the impact of CO 2 partial pressure. With tests II24 to II26, the CO 2 concentration in the simulated coal-fired flue gas was decreased to 5% with O 2 concentration being kept at 4% and the capacities under this condition were compared with those of the nearest cycles II20 to II23 where 15% CO 2 was present in the simulated flue gas (Fig. 12) . It was expected that adsorption capacities with 5% CO 2 in the feed gas were lower than those with 15% CO 2 in the feed gas due to lower reaction kinetics. However, as illustrated in Fig. 12 , the equilibrium and breakthrough capacities remained reasonably high at ca. 10.1 wt% and 7.7 wt% respectively, representing a relative loss of only about 8%. In order to fully simulate the flue gas of Natural Gas Combined Cycle (NGCC) power plants, the O 2 concentration in the simulated flue gas was increased to 12 vol% by replacing part of the N 2 with air while keeping the CO 2 concentration at 5%. As shown in Fig. 13 , changing the simulated flue gas from the conditions of a coal-fired power plant to those of a NGCC power plant caused the adsorption capacities to reduce by a relative loss of ca. 11%. Capacities observed with cycles II51-54 and cycles II58-60 indicate that the high oxygen level at 12% in the simulated flue gas (NGCC) did not cause appreciable oxidative degradation. The slight difference in capacities between Figs. 12 and 13 is likely caused by the slow thermal degradation during the 24 cycles between cycle 26 and cycle 50. These results confirm that the PEI-silica adsorbent is also an efficient adsorbent for CO 2 capture from the flue gases of NGCC power plants. Table 3 shows that the adsorption capacities of the PEI-silica adsorbent of this study are comparable to those of other PEI-based adsorbents investigated previously under a range of testing conditions. It should be noted that for the first time the adsorption capacities of a PEI-silica adsorbent have been evaluated by means of a laboratory-scale fluidized bed reactor using kg-scale adsorbent for up to 60 adsorption/desorption cycles.
Heat of adsorption and regeneration heat
As mentioned previously in Section 3.5, adsorption is an exothermic process with heat being released when the chemical reactions take place between CO 2 and the amine groups. For most cycles conducted in the reactor, the fluidized bed is preheated to an initial bed temperature of 50°C before CO 2 is fed into the bed. Due to the heat released during adsorption, both the bed temperature and wall temperature would have a noticeable increase during the adsorption stage as shown in Fig. 14 . More intensive reaction takes place at the lower zone of the bed due to the higher CO 2 concentration in the feed gas, leading to a higher bed temperature in this zone compared to the upper zone. There is a lag between bed and wall temperature because the thermal heat transfer between solids and wall needs a certain time to accomplish. By the time of breakthrough point, most of the heat has been released which induced a bed temperature rise of about 22-25°C. By establishing an energy balance, the total reaction heat released equals to the sum of the heats absorbed by the gas mixture, PEIsilica adsorbent, reactor wall and the insulation material. The heat of adsorption can then be determined by dividing the accumulated heat by the accumulated amount of CO 2 that has been adsorbed until the breakthrough point. One calculation example is illustrated in Fig. 15 where accumulated heats of different components during adsorption are plotted and compared. Due to the small mass flow rate of the gas mixture, it has the least contribution to the total heat. Heat transfer from the reactor wall to the outer insulation material takes longer time owing to the high thermal conductivity of the insulation material. However, the heat absorbed by the insulation material becomes the largest portion after 50 min or so since the temperature gradient between outer surface of insulation material and ambient air has increased, leading to more intensive natural convection heat transfer. The calculated value of heat of adsorption is around 1870 kJ/kgCO 2 at the breakthrough point. Heat of adsorption for the fresh PEI-silica adsorbent was also measured by a SENSYS Evo TG-DSC provided by SETA-RAM Ò which gave the result of 2045 kJ/kgCO 2 . The relative error between two methods is about 8.5%.
The energy required for the regeneration of an absorbent/adsorbent is the most important economic performance criterion for post-combustion CO 2 capture. With a reasonable degree of accuracy, the regeneration energy can be simplified to be the sum of the sensible heat that is required to heat the adsorbent from the adsorption temperature to the regeneration temperature and the latent heat (heat of adsorption) that is required to overcome the bonding energy to remove CO 2 from the adsorbent in the desorption process. The formula used to calculate the regeneration heat for a solid adsorbent is listed in Eq. (6) which is an adapted form from Hoffman et al. [40] :
where Q r is the regeneration heat (kJ/kgCO 2 adsorbed), T ad and T de are the temperatures of adsorption and desorption respectively (°C), q w is the working capacity of the adsorbent (wt%), C p,s is the specific heat capacity of the adsorbent (kJ/kg K), and DH r is the heat of adsorption (kJ/kgCO 2 adsorbed). The working capacity of the PEI-silica adsorbent investigated in this study is assumed to be 8 wt%, which is similar to the breakthrough capacity of Batch II adsorbent (8.2 wt%) determined by the fluidized bed tests. The specific heat capacity of the adsorbent was experimentally determined to be 1.7 kJ/kg K using a DSC III (Differential Scanning Calorimetry) device. The SENSYS Evo TG-DSC measured value of heat of adsorption, 2045 kJ/kgCO 2 , is used in the calculation. By substituting these parameters into Eq. (6), the regeneration heat for the PEI-silica adsorbent in this study was calculated and compared with other amine-supported adsorbents investigated previously in Table 4 .
It can be seen that the regeneration heats for all of the aminesupported sorbents in Table 4 are comparable. It should be noted that the measured value of heat of adsorption in this study is much higher than most values adopted in previous literature (e.g. 1400 kJ/kgCO 2 in [16] , 1360 kJ/kgCO 2 in [42] and 1136 kJ/kgCO 2 in [18] ). An adsorbent with higher heat of adsorption is expected to have higher adsorption capacity. However an increase in the heat of adsorption will also increase the required regeneration heat proportionally, as implied by Eq. (6). To achieve the best economic performance for a specific CO 2 capture process with a solid adsorbent, one may need to make a compromise towards adsorption capacity so that the required regeneration heat can be minimized. The regeneration heat for a traditional flue gas CO 2 capture process using 30 wt% MEA scrubbing technology is in the range of 3900-4500 kJ/kgCO 2 [29, 43, 44] on the assumption that 90% of the sensible heat can be recovered by a lean/rich solvent heat exchanger. Similarly, if we assume a conservative recovery ratio of 75% for the capture process using PEI-silica adsorbent, the required regeneration heat can then be reduced to 2360 kJ/kgCO 2 , which is well below the values reported for MEA technology.
Conclusions
By using a laboratory-scale bubbling fluidized bed reactor loaded with a few kg solid adsorbent, the performance of the asprepared PEI-silica adsorbent in capturing CO 2 from simulated flue gases has been evaluated. The following conclusions can be drawn from the presented experimental results and theoretical analysis:
(1) The PEI-silica adsorbent has shown typical Geldart-B bubbling fluidization behaviour and good mechanical strength and attrition resistance. (2) The adsorption capacities for those cycles under dry condition have shown a clear degradation tendency over 24 cycles. However, the addition of moisture into the gas flow in both adsorption and desorption stages has demonstrated its ability of stabilizing the capacities. A high level of 10.6-11.1 wt% of equilibrium capacities and 7.6-8.2 wt% of breakthrough capacities over 60 cycles can be achieved under humid condition. Extension of gas-solid contact time from 7 s to 13 s can effectively improve the breakthrough capacities from 5.4 wt% to 8.2 wt% at the cost that more adsorbent needs to be loaded as the bed material. (3) Both TGA and fluidized bed tests revealed that the adsorption capacities are sensitive to the adsorption temperature with the maximum capacity appearing at the adsorption temperature of around 70°C. (4) The adsorption capacities for the simulated flue gas containing 5% CO 2 are only slightly lower than those for the simulated flue gas containing 15% CO 2 , implying the potential of the PEI-silica adsorbent in the application to the flue gas CO 2 capture from a NGCC power plant. (5) The exothermal heat of adsorption is estimated to be 1870 kJ/kgCO 2 by the energy balance in the fluidized bed reactor with a relative error of 8.5% compared to the measured value by the SENSYS Evo TG-DSC (2045 kJ/kgCO 2 ). (6) The calculated regeneration heat for the as-prepared PEI-silica adsorbent is found to be 3320 kJ/kgCO 2 which is comparable to other reported amine-based solid sorbents. This energy penalty can be further reduced to 2360 kJ/kgCO 2 if 75% of sensible heat recovery can be realized by proper process design, which is well below the values of 3900-4500 kJ/ kgCO 2 for a traditional MEA scrubbing process with 90% recovery of sensible heat.
The results obtained so far in this study have indicated that the as-prepared PEI-silica adsorbent is a good candidate for post-combustion carbon capture from both coal and natural gas-fired power plants. However, further research on the long-term (much more than 60 cycles) stability and regeneration strategies of the adsorbent is still needed.
